Research has suggested that the retinal vasculature may act as a surrogate marker for diseased 
Introduction
Presently, the pathogenesis of cerebral small vessel disease (SVD) in humans is not completely understood, in part due to the difficulty in imaging in vivo the cerebral microvasculature. Due to the anatomical and physiological similarity of the cerebral and retinal vessels 1 , and the ease with which the retinal microvasculature can be imaged, there has been considerable interest in determining whether pathologic changes in the retinal vessels may parallel changes in the cerebral small vessels.
There is strong evidence that retinal vascular features are associated with stroke [2] [3] , SVD stroke subtype [4] [5] [6] [7] [8] [9] , and presence and progression of features of SVD [10] [11] [12] [13] [14] . However, previous analyses have focused largely on individual retinovascular signs and individual SVD markers, rather than considering retinovascular abnormalities or SVD features as a whole 11, 12, 15 .
We aimed to assess an array of retinal measurements in an effort to identify those most closely related to individual and total SVD burden independently of any co-association with common vascular risk factors (VRFs). We hypothesised that associations between retinovascular changes and SVD lesions would be partly explained by, but remain independent of, VRFs. We used quantitative retinal measurements, qualitative (visual ratings) and quantitative indicators of white matter hyperintensities (WMH) (WMH% volume) and SVD burden, medical-history-derived-and measured vascular risk variables, in two cohorts:
the Lothian Birth Cohort (LBC1936), and the Mild Stroke Study (MSS). The LBC1936
represents a narrow age range at the 'healthy' end of the SVD spectrum. The MSS represents a wider age range with clinically evident brain vascular disease and a higher burden of SVD and VRFs. Analysis of these separate but complementary population samples allows us to examine the relationship between retinovascular and SVD features at different points on the SVD spectrum.
Results

LBC1936
In the LBC1936, 866 participants (448, 52% male) of mean age 72.5 years (SD 0.7) attended for clinical assessment; 681 participants completed brain imaging and provided WMH and SVD ratings and volumes. The 603 participants with retinal imaging measurements available for both right and left eyes provided data as the analytic sample for the present study (Table   1 ). Of the 603 (303, 50% male), 270 (45%) had hypertension, 58 (10%) had diabetes (Table   1) , and 31% had moderate or severe periventricular WMH scores with 19% moderate or severe deep WMH scores (Table 2) . Of the 603, 33 participants reported having had a stroke (of whom 11 also had evidence of stroke on imaging), and an additional 51 had imaging-only evidence of a stroke lesion, giving a total with any stroke of 84 (14%). Table 3a .
Three of the 176 associations survived adjustment and false discovery rate (FDR) correction. The above analyses were re-run after excluding LBC1936 participants with history of stroke (n=84) (Supplementary Table S1 ). Two additional associations survived adjustment and FDR correction in this sensitivity analysis; decreased venular fractal dimension was associated with increased WMH % in BTV (β = -0.175, p = 0.03) and ICV (β = -0.178, p = 0.03). The three other previously-significant associations with arteriolar fractal dimension remained significant. 1 0 djacent to each contribution to factor; WMH =
We tested additional SEMs-to test for co-association of retinal and SVD indicators with VRFs-of the three relationships between retinal variables and individually-measured brain imaging variables that had surviving age-, sex-, and FDR adjustment (Table 3a) . The results are shown in Supplementary Fig. S13 . All retinal-brain associations remained significant and survived FDR correction.
MSS
Among those participants of the MSS cohort with retinal images of both eyes available for analysis (n=155; 98, 68% male), of mean age 66.9 years (SD 11.4), 87 (60%) had hypertension, 19 (13%) had diabetes (Table 1) . Seventy (48%) had moderate or severe periventricular WMH scores, and 44 (30%) with moderate or severe deep WMH scores (Table 2 ).
In age-and sex-adjusted linear regression models, only one association remained significant following correction for FDR; reduced arteriolar fractal dimension was significantly (Table 3b) . 
Discussion
To our knowledge, the current study is the first that uses SEM to investigate the relationship between retinal microvascular and brain imaging markers of SVD. Whereas our retinal data reduction approach found most retinal measurements to be largely independent, i.e. not indicators of the same latent trait, we did find four retinal variables with considerable shared variance reflecting aspects of geometry, namely vessel width and complexity. This combined vessel calibre-complexity latent trait was related to SVD burden and WMH load in the LBC1936. Examining retinal variables individually in the LBC1936, we found participants with decreased arteriolar fractal dimension, suggesting of a loss of branching complexity, were more likely to have greater cerebral SVD pathology, independent of VRF. Sparser arteriolar microvasculature was also associated with more WMH. All effect sizes were small. Reduced fractal dimension has also been found in Alzheimer's disease [18] [19] [20] . Decreased branching complexity of the arteriolar and venular networks combined in lacunar stroke, a manifestation of SVD, has previously been reported in the MSS cohort 6 .
A large number of association tests were conducted, and several significant associations became non-significant once corrected for multiple testing. Whereas the amount of associations conducted increases the likelihood of type-1 errors, it is also possible that our robust correction for multiple testing is rejecting modest but true associations; larger sample sizes are needed to confirm them 21 . We interpret all unadjusted significant associations cautiously as they may reflect spurious associations. However, they could provide directions for future research. Without adjustment, some additional retinal measurements, including venular tortuosity and arteriolar measures of branching geometry, appeared relevant for some markers of SVD.
A limitation of the study is its cross-sectional design. Longitudinal studies examining retinal WMH and hypertension appears stronger in middle age 23 . A systematic review of associations between retinal microvascular changes, dementia and brain imaging features reported stronger findings in middle-aged populations 24 , in line with the age-related attenuation of associations between VRFs, hypertension and cerebrovascular disease and retinopathy 25, 26 .
The strengths of the current study include the use of two distinct, yet complementary, well- 
Methods
Participants
The LBC1936 28 comprised community-dwelling, mostly healthy older adults, of mean age about 70 years when first recruited in older age. All were born in 1936. The data analysed for the present study, including digital retinal photographs and structural brain imaging, were obtained at a second wave of testing when the participants were approximately 73 years old (N=866). The recruitment and testing of the LBC1936 has been described in detail previously [28] [29] [30] .
The Mild Stroke Study (MSS) 4 is a prospective study of patients with recent (within 3 months) clinical lacunar or mild cortical ischaemic stroke. All patients were assessed by an experienced stroke physician. The recruitment, testing and imaging of these patients has been described previously 4, 10 . 
Measures Retinal image acquisition and analysis
In both groups, digital retinal fundus images were captured using the same non-mydriatic camera at 45° field of view (CRDGi; Canon USA, Lake Success, New York, USA). 814 LBC1936 (from Wave 2 of testing) and 190 MSS participants provided retinal images of both eyes. Images were centred approximately on the optic disc. For the present analysis, the retinal images were reanalysed for retinal vascular characteristics using the same semiautomated software package, VAMPIRE by an experienced operator. VAMPIRE image processing and analysis has been described in detail previously [31] [32] [33] . Briefly, the boundaries of the optic disc (OD) and position of the fovea in a retinal image are first detected and the conventional set of OD-centred circular measurement zones established. Zone B is a ring 0.5 to 1 OD diameters away from the centre, and Zone C is a ring extending from OD boundary to 2 OD diameters away. Next, the software detects the retinal blood vessels present in the image and classifies them as arterioles or venules. The observer, when necessary followed a standardised measurement protocol to preform manual interventions to correct computergenerated labelling of image features, blind to all prior retinal analysis, brain and VRF data.
There were complete retinal measurements from both eyes for 603 LBC1936 and 155 MSS participants. Rejections were due to poor quality images, eyelashes causing streaks across the photograph, out-of-focus images, and overexposure (in either eye); these occurred in approximately 16% of LBC1936 images, and 8% of MSS images, with an additional 4% of MSS images excluded due to considerable differences in image resolution (arising from deviations from standard operation of the system when imaging). have been described previously 10, 30 . All analyses were performed blinded to all other data.
The SVD lesions in both studies were assessed qualitatively and quantitatively using validated methods according to a precursor to the STRIVE criteria 34 . WMH were visually scored using FLAIR-, T1 and T2-weighted sequences on the Fazekas score 35 in both the deep (0-3) and periventricular (0-3) white matter. Appropriate sequences were also rated for the presence of microbleeds (location and number), lacunes (location and number), and perivascular spaces (in basal ganglia and centrum semiovale, 0-4 point score each) according to an established rating protocol 36 . Brain atrophy was coded using a validated template 37 , with superficial and deep atrophy coded separately.
We combined the visual lesion scores into an ordinal 'total SVD score' of 0-4, described previously 38 . Briefly, a scale point was awarded for the presence of (early) confluent deep (2-
3) WMH and/or irregular periventricular WMH extended into the deep white matter (3); one or more lacunes; one or more microbleeds; and moderate to severe grading (2-4) of basal ganglia perivascular spaces. These showed face-validity both as an ordinal score and as a latent variable in previous analyses both in the present cohorts and in other studies 38, 39 . All rating was performed by a consultant neuroradiologist trained and experienced in SVD features and use of the visual ratings. Quality control of images has been described previously 16, 39 . 16 .
Statistical analysis
Age-and sex-adjusted linear regression was used to analyse the association between the 16 retinal vascular characteristics and the structural brain imaging-derived measurements in both cohorts. To minimise the potential for type I errors, p values were adjusted according to the false discovery rate (FDR) method 41 . LBC1936 participants with a history of stroke (n=84, 14%; based on medical history and/or brain imaging appearances) were removed in a sensitivity analysis. Due to the small size and insufficient stroke classification this group could not be divided into stroke subtypes. VRFs were tested as possible explanatory variables for any significant associations between retinal and brain imaging variables, since both retinal vascular abnormalities and SVD features are known to be associated with common VRFs such as hypertension, smoking, diabetes, etc.; this was examined using SEM in LBC1936, and multivariable regression models in the MSS cohort (which we judged to be too small for SEM). See Penke and Deary (2010) for an accessible description of SEM as applied in neuroscience 42 .
The basic questions in the analyses were whether retinal vessel measures were associated with brain imaging measures, and whether these associations were co-associated with VRFs.
The LBC1936 is both large in size and has multiple measures of brain white matter health and VRFs. Therefore, in testing the questions above, we were able to form multi-variable 'latent traits' (unobservable constructs underlying a combination of correlated individual measured variables) for retinal features, white matter health, and vascular risk. Results from the regression analyses in the LBC1936 were used to motivate the hypothesized relationships subsequently to be tested by SEM.
We showed previously that VRFs, WMH measures and SVD features formed latent variables in the LBC1936 16, 39, 43 . Therefore, we used the same measurement models to derive the latent variables. Vascular risk was measured as a single latent factor from eight variables; hypertension, diabetes, hypercholesterolemia, smoking, (treated) systolic and diastolic BP, haemoglobin A1c, and plasma cholesterol, as previously 16 . The volume of WMH as a percentage of ICV, and Fazekas ratings in periventricular and deep white matter were used to derive a latent variable of 'WMH load' as previously 43 . 'SVD burden' was measured using a single latent factor with five indicators, namely, Fazekas ratings for both periventricular and deep regions, lacunes, microbleeds, and basal ganglia perivascular spaces, as previously 39 .
This was undertaken to test whether including three additional imaging markers of SVD might increase the ability to find significant associations. A single latent 'calibre-complexity' factor was derived from four retinal indicators; two measures of vessel width (CRAE, CRVE), and two measures of branching complexity; arteriolar and venular fractal dimension.
The derivation of this latent variable is described fully in the Supplementary Material. All models were estimated using R's lavaan SEM package, version 0.5-22 44 .
Models were estimated using the robust (mean and variance adjusted) weighted least squares (WLSMV) estimator. WLSMV is robust to non-normality and is appropriate for model estimation with categorical data. Standardised regression coefficients (parameter weights, comparable to standardised partial beta weights) were computed for each path in the models.
Model fit was assessed using cut-off points of > 0.06 for the root mean square error of approximation (RMSEA), and ≥ 0.90 for the comparative fit index (CFI) and Tucker-Lewis index (TLI). Measurement models for latent traits are shown in Supplementary Fig. S1 -S3.
We tested the same two questions in the MSS as above for the LBC1936. However, due to the smaller sample size, latent variables were not formed in MSS and we did not use SEM to test hypotheses. Instead, multivariable regression models were applied in the MSS to test for associations between retinal and brain imaging-derived measurements, and the controls were Predictors were converted to z-scores, such that the resulting ORs reflect the odds of having higher pathology ratings for each standard unit increase in the predictor variable. Regression analyses were performed with SPSS statistics version 22 (IBM Corp., Armonk, NY).
The datasets generated during and/or analysed during the current study are available from the corresponding author on reasonable request.
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